Self-incompatibility in Prunus (Rosaceae) species, such as sweet cherry, is controlled by a multiallelic locus (S), in which two tightly linked genes, S-RNase and SFB (S haplotype-specific F-box), determine the specificity of the pollen and the style. Fertilization in these species occurs only if the S-specificities expressed in the pollen and the pistils are different. However, modifier genes have been proposed to be necessary for a full manifestation of the selfincompatibility response. 'Cristobalina' is a spontaneous self-compatible sweet cherry cultivar that originated in Eastern Spain. Previous studies with this genotype suggested that pollen modifier gene(s), not linked to the S-locus, may be the cause of self-incompatibility breakdown. In this work, an F 1 population from 'Cristobalina' that segregates for this trait was used to identify molecular markers linked to self-compatibility by bulked segregant analysis. One simple sequence repeat (SSR) locus (EMPaS02) was found to be linked to self-compatibility in this population at 3.2 cM. Two additional populations derived from 'Cristobalina' were used to confirm the linkage of this marker to self-compatibility. Since EMPaS02 has been mapped to the sweet cherry linkage group 3, other markers located on the same linkage group were analysed in these populations to confirm the location of the selfcompatibility locus.
Introduction
Sweet cherry (Prunus avium L.) is a self-incompatible species belonging to the Rosaceae. The Rosaceae, Solanaceae, and Plantaginaceae share the same gametophytic self-incompatibility (GSI) mechanism, S-RNase-based selfincompatibility (McClure, 2004) . This system is genetically determined by a single locus (S), with multiple alleles (de Nettancourt, 2001) , that codes for the pistil and pollen specificity determinants of the self-incompatibility reaction. Fertilization in GSI species only occurs when the S-allele expressed in the growing pollen tube is different from the S-alleles expressed in the style; otherwise pollen tube growth is arrested in the style. In the Prunus genus (Amygdaleae Tribe), two tightly linked genes located at the S-locus, S-RNase (Bošković and Tobbut, 1996; Tao et al., 1997 Tao et al., , 1999 Ushijima et al., 1998) and SLF/SFB (S-locus F-box/S haplotype-specific F-box; Entani et al., 2003; Ushijima et al., 2003; Yamane et al., 2003b) , code for the pistil and pollen factors of self-incompatibility, respectively. The SRNase is a glycoprotein with RNase activity (McClure et al., 1989) which is essential for pollen rejection (Huang et al., 1994) . Meanwhile S-locus F-box (SFB) contains an F-box domain which is best known for mediating ubiquitination of target proteins by the SCF (Skp1-Cullin-F-box) E3 ubiquitin ligase complex that are degraded by the 26S proteosome (Deshaies, 1999) . In Malus (Pyreae Tribe) two or more F-box genes [SFBB (S-locus F-box brother) genes] have been identified (Sassa et al., 2007) . However, it is not clear if one or some of them are involved in pollen S specificity (Sassa et al., 2010) . In the Fragaria (Potentilleae Tribe), two unlinked RNase loci, S and T, that control RNase GSI in this species were recently identified (Bošković et al., 2010) .
Molecular characterization of self-incompatibility mutants in the Rosaceae has contributed to the understanding of GSI Ushijima et al., 2001 Ushijima et al., , 2004 Sonneveld et al., 2005) . Self-compatibility has been reported in various genotypes of the Prunus genus and, while most of the mutations have been located in the S-locus, some self-compatible genotypes appear to carry mutations located outside the S-locus (reviewed in Yamane and Tao, 2009 ). S-locus mutations of the S-RNase have been reported in almond (P. dulcis; Bošković et al., 1999) , Japanese plum (P. salicina; Watari et al., 2007) , and sour cherry (P. cerasus; Yamane et al., 2003a; Tsukamoto et al., 2006) . Self-compatible pollen part mutants (ppm) with SFB alterations have been reported in Japanese apricot (P. mume; Ushijima et al., 2004) , sour cherry (P. cerasus; Hauck et al., 2006; Tsukamoto et al., 2006) , the artificially induced selfcompatible sweet cherry selections JI2434 and JI2420 (Lewis and Crowe, 1954; Ushijima et al., 2004; Sonneveld et al., 2005) , and the natural self-compatible variety 'Kronio' (Calabrese et al., 1984; Marchese et al., 2007) .
Although specificity of the self-incompatibility reaction is determined by S-locus genes, unlinked modifier loci modulate the self-incompatibility response and are required for a full manifestation of self-incompatibility (Kao and Tsukamoto, 2004) . In the Solanaceae, two factors expressed in pistil, HT-B and 120 K, are required for pollen rejection but do not affect S-specificity per se (Goldraij et al., 2006) , and several non-S-locus factors have been shown to interact with S-locus products (reviewed in Chen et al., 2010) . In Prunus, self-compatibility possibly caused by factors unlinked to the S-locus has been reported in almond for the style function (Fernández i Martí et al., 2009) and in the apricot cultivar 'Canino' (P. armeniaca; Vilanova et al., 2006) and the sweet cherry cultivar 'Cristobalina' (Wünsch and Hormaza, 2004a; Wünsch et al., 2010) for the pollen function.
The objective of this work is the identification of markers linked to self-compatibility in 'Cristobalina' sweet cherry using an available segregating population. Linked markers will permit the identification of candidate loci that will allow future characterization of SI modifier genes and the development of markers for assisted selection of the trait in breeding programmes.
Materials and methods

Plant material
Three sweet cherry cultivars, one self-compatible 'Cristobalina' (S 3 S 6 ) and the other two self-incompatible 'Ambrunes' (S 3 S 6 ) and 'Brooks' (S 1 S 9 ) (Wü nsch and Hormaza, 2004c) , were used in this study. Additionally the F 1 populations derived from the crossing of 'Ambrunes' and 'Cristobalina' (A3C) and 'Brooks' and 'Cristobalina' (B3C) and the F 2 population from the selfpollination of 'Cristobalina' (C3C), were used (Table 1) . B3C is made up from 33 adult trees; C3C is made up of 104 plants (C3Cp) and 100 ungerminated seeds (C3Cs) that make up a total of 204 genotypes; and the A3C population corresponds to 47 ungerminated seeds (Table 1) .
Self-(in)compatibility phenotyping Determination of self-(in)compatibility phenotypes of the B3C population (Table 1) was carried out by microscopic observation of pollen tube growth and by estimation of fruit set after selfpollination. For microscopic observations, 20 flowers from each tree were self-pollinated in the laboratory each year, during different years. Pollen collection, pollination, and style preparations were carried out according to the protocol described by Hormaza and Herrero (1996) . After confirming the presence of germinated pollen grains in the stigma, pollen tube growth along the style was observed and the number of pollen tubes reaching the ovary as well as their maximum length of growth along the style was determined by microscopic observation of the fixed tissue of each of the 20 flowers of each individual tree. Data were recorded as the percentage of flowers with pollen tubes in the ovary [(no. of flowers with pollen tubes reaching the ovary)3100/(no. of flowers analysed)] and the mean number of pollen tubes in the ovary per flower [(sum of pollen tubes in the ovary in all the analysed flowers of each tree)/(no. of flowers); Sanzol (2009) ]. Self-(in)compatibility in 33 trees of this same population had been previously analysed using a similar approach during 2 years (Wü nsch and Hormaza, 2004a) . In this work, self-compatibility was evaluated by microscopic observation of pollen tube growth during 4 years in 27 trees that had been previously analysed and in six trees that had not been analysed before.
Self-compatibility in B3C was also analysed by assaying fruit set upon self-pollination. To prevent bees from visiting the trees, these were covered with an insect-proof mesh. The mesh was held by a tunnel-like structure over and along the line of trees. Every flower of each tree was pollinated with pollen from the same tree using a thin paintbrush. Self-pollination of each tree was done every day during the flowering season. Fruit counts of each tree were carried out every 2 weeks after the last day of self-pollination until harvest. Fruit set was recorded as the percentage of fruits from the total number of self-pollinated flowers.
To confirm that the fruits obtained were from self-pollination and not the result of fertilization with unwanted pollen, seed DNA was used to check parental S-allele inheritance. Given the large fruit set in some trees, S-RNase genotyping was carried out only in two genotypes with fruit set higher than 5% (B3C-2 and B3C-8) of which 81 and seven seeds were analysed, respectively. On the other hand, all available fruits of trees with fruit set lower than 5% were analysed (Table 2 ). For S-RNase genotyping, seeds were excised from the pit of the harvested fruits, and genomic DNA from each seed was extracted following the protocol described by Hormaza (2002) with three additional phenol extractions. The DNA obtained was used as template for S-RNase PCR amplification using the primer pair PruT2-SI32 (Tao et al., 1999; Wiersma et al., 2001) . PCRs and S-RNase genotyping was carried out according to Wü nsch and Hormaza (2004c) .
Simple sequence repeat (SSR) analysis
Genomic DNA from A3C, B3C, and C3C genotypes, as well as from 'Ambrunes', 'Brooks', and 'Cristobalina' was extracted following the protocol described by Hormaza (2002) and was used for SSR analysis. For two populations (B3C and C3Cp), genomic DNA was isolated from young leaves whereas for the other two populations (A3C and C3Cs) genomic DNA was extracted from seeds.
Extracted genomic DNA was quantified using a spectrophotometer, and was diluted to a concentration of 10 ng/ll for PCR. SSR amplification was carried out in 20 ll volumes containing 20 mM TRIS-HCl, pH 8.4, 50 mM KCl, 4 mM MgCl 2 , 0.1 mM of each dNTP, 0.2 lM of each primer, 40 ng of genomic DNA, and 0.45 U of Taq DNA polymerase (Invitrogen). PCRs were carried out using the following temperature profile: an initial step of 2 min at 94°C, 35 cycles of 45 s at 94°C, 45 s at 57°C, and 1 min at 72°C, and a final step of 5 min at 72°C. The annealing temperature of SSR loci CPPCT-22 and CPPCT-30 was 50°C instead of 57°C. SSR loci were analysed either on agarose gels or by capillary electrophoresis. For agarose gel analysis, 3% Metaphor agarose (FMC Bioproducts) in 13 TBE buffer was used; gels were stained with ethidium bromide and visualized under UV light. The SSR fragment sizes were estimated using a 10 bp DNA Ladder (Invitrogen). For capillary electrophoresis, a genetic analyser (ABI PRISM 310, Applied Biosystems) was used and size calling of the fragments was carried out using the standard 500 GeneScan LIZ (Applied Biosystems) and the GeneScan 3.1 software package (Applied Biosystems). Forward primers for capillary electrophoresis were labelled with four different fluorescence dyes (6-FAM, NED, PET, and VIC).
Bulked segregant analysis (BSA)
A BSA (Michelmore et al., 1991) approach was used to identify microsatellite markers linked to self-compatibility inherited from 'Cristobalina' using the B3C population. Initially 88 SSR loci selected from various works in peach (51) and in sweet and sour cherry (37; Supplementary Table S1 available at JXB online) were analysed for polymorphism in the parental genotypes ('Brooks' and 'Cristobalina'). The peach SSRs selected were those that had been previously shown to be conserved and polymorphic in sweet cherry (Cipriani et al., 1999; Dirlewanger et al., 2002 Dirlewanger et al., , 2004 Hormaza, 2002, 2004b) . 9  0  1717  27  2  20  100  B3C-21  59  17  0  825  34  4  24  100  B3C-22  30  10  0  1244  27  2  20  90  B3C-23  28  0  0  523  1  0  B3C-24  36  3  0  816  5  1  B3C-25  39  0  0  220  1  1  B3C-26  17  0  0  179  1  0  B3C-27  59  0  0  1348  22  2  2  100  B3C-28  31  0  0  1512  31  2  22  100  B3C-29  50  2  0  1158  13  1  12  92  B3C-30  46  11  0  425  3  1  3  100  B3C-31  20  0  0  334  11  3  5  100  B3C-32  31  0  0  402  0  0  B3C-33  44  0  0  1551  47  3  28  93 Those SSRs that were polymorphic in the parental genotypes were analysed in two DNA bulks made up of eight self-compatible and eight self-incompatible individuals mixed in equimolar quantities. SSR polymorphisms conserved in the parental genotypes and in the DNA bulks were analysed in each individual used to construct the bulks. When the polymorphism was conserved in these genotypes the marker was analysed for co-segregation with self-(in)compatibility in the rest of the individuals of the population. Linkage between identified markers and self-compatibility was estimated using JoinMap Ò 4 (Kyazma; Van Ooijen, 2006) . Identified markers linked to self-compatibility were also analysed in C3C and A3C populations to confirm their co-segregation with the trait.
Linkage mapping SSR markers (Table 3 ) located in the same linkage group (LG3) as the marker identified to co-segregate with self-compatibility were also analysed in B3C in order to identify additional markers more closely linked to self-compatibility. These SSR markers had been mapped around the identified marker, in the lower part of sweet cherry LG3 Olmstead et al., 2008; Clarke et al., 2009) and in bin 3:49 of the Prunus Bin Map . These SSRs were analysed in the parental genotypes to detect if they were polymorphic and conserved in sweet cherry (in the case of the Prunus Bin Map markers). Informative markers (Table 3) were analysed in the different populations, and linkage maps of the lower LG3 region were constructed. Linkage analysis and map constructions were performed using JoinMapÒ 4 (Kyazma; Van Ooijen, 2006) applying the Kosambi function, with a threshold of h¼0.4 and a minimum LOD¼3. The graphical presentations of the maps were generated with the program MapChart 2.1 (Voorips, 2002) . The genetic maps obtained for these populations were compared with the saturated cherry linkage map from the interspecific cross of Prunus avium ('Napoleon')3-Prunus nipponica (PA3PN; Clarke et al., 2009 ).
Results
Self-(in)compatibility phenotyping
Self-compatibility in the B3C population was determined by self-pollination in the laboratory followed by microscopic observation of pollen tube growth and by assaying fruit set upon self-pollination in the field. To determine the phenotype of each individual, the results of both experiments were taken into account (Table 2) . For the microscopic analysis, the percentage of pistils with pollen tubes in the ovary and the mean number of pollen tubes in the ovary per flower were calculated ( Table 2 ). The percentage of flowers with pollen tubes in the ovary ranged from 0% to 90%, and the mean number of pollen tubes in the ovary per flower ranged from zero to four in the different trees of B3C (Table 2) . Trees with values of zero for both sets of data are expected to be self-incompatible, whereas trees with high scored values in both sets of data are expected to be self-compatible (Table 2) . Some trees, however, showed intermediate values for the percentage of flowers with pollen tubes reaching the ovary (i.e. B3C-16, -21, -22, and -30) and did not have a clear phenotype using this assay.
Fruit set ranged from 0% to 40% in the different trees of B3C (Table 2 ). The S-RNase genotype of the seeds obtained from self-pollinations was analysed in order to determine whether the fruits obtained resulted from selffertilization or from fertilization with unwanted pollen. In the two trees that had a fruit set >5% (B3C-2 and B3C-8) and that were analysed for pollen cross-contamination by S-RNase genotyping, a maximum of 2% of the obtained fruits were identified to derive from fertilization with unwanted pollen (Table 2 ) and thus most of the progeny (98%) were concluded to derive from self-fertilization. On the other hand, the fruits obtained from the trees with low fruit set (1-4%) were mostly the result of fertilization with unwanted pollen because most of the seeds (86-100%) revealed S-alleles not found in the parental genotype (Table 2) . Cross-contamination would have a highly evident effect in the final fruit set of self-incompatible trees that have been self-pollinated because only cross-contaminating pollen is able to effect fertilization. After taking into account pollen contamination, fruit set after self-pollination was estimated to be <2% from self-fertilization in the trees with lower fruit set (1-4%), whereas self-fertilization fruit set in trees with fruit set >5% was estimated to range from 8% to 40%.
All the trees with a fruit set >5% had pollen tubes in the ovary in a minimum of 36% of the flowers and at least Table 3 . Analysis of markers located in the lower part of LG3 of sweet cherry Olmstead et al., 2008; Clarke et al., 2009) a mean of one pollen tube in the ovary per flower. Trees with fruit set <5% had pollen tubes in the ovary in <18% of flowers, but the mean number of pollen tubes in the ovary per flower was zero. The former have been considered self-compatible while the latter have been considered selfincompatible (Table 2) . Therefore, out of the 33 trees analysed, 10 are self-compatible and 23 are self-incompatible (Table 2) .
Identification of molecular markers linked to selfcompatibility
A BSA strategy was used to identify microsatellite markers linked to self-compatibility inherited from 'Cristobalina' using the B3C population. Initially 88 SSRs (Supplementary Table S1 at JXB online) selected from various works and known to be conserved in sweet cherry were analysed for polymorphism in the parental genotypes, 'Brooks' and 'Cristobalina'. Fifty-four (61%) microsatellites were polymorphic in the parental genotypes and were analysed in two DNA bulks. Four SSRs (PS12A02, UDP96-008, UDP96-005, and EMPaS02) revealed polymorphisms that were conserved in the parental genotypes and in the DNA bulks. These microsatellites were analysed in each individual of the DNA bulks, and two of them (EMPaS02 and UDP96-008) revealed alleles that co-segregated with self-(in)compatibility in 15 and 13 genotypes, respectively, out of the 16 genotypes included in the bulks. These SSRs were analysed for co-segregation with self-(in)compatibility in the rest of the individuals of the B3C cross.
The analysis of EMPaS02 (Vaughan and Russell, 2004) in the B3C population resulted in a segregation ratio of 12:4:8:7 (Table 4) for 31 trees, fitting the expected Mendelian segregation ratio (1:1:1:1, v 2 ¼4.23, P >0.05). Two selfincompatible trees (B3C-17 and -22) appeared homozygous for this locus (138/138) and were not included in genetic analyses. In the remaining 31 trees, the allele of 142 bp (EMPaS02_142) was found in the 10 self-compatible individuals and was absent in 20 of the 21 self-incompatible genotypes. The estimated genetic distance between selfcompatibility (Sc) and EMPaS02 was estimated to be 3.2 cM with a LOD of 6.19 (Fig. 1) . The microsatellite locus UDP96-008 (Cipriani et al., 1999) segregated in a 7:7:10:9 ratio in B3C, also fitting the expected Mendelian segregation (1:1:1:1, v 2 ¼0.81, P >0.05). In this locus the allele of 144 bp (UDP96-008_144) was present in eight of the 10 self-compatible individuals and absent in 17 of the 23 self-incompatible genotypes, but linkage of UDP96-008 to Sc could not be significantly established in this population.
In order to confirm the linkage of EMPaS02 to Sc, 204 genotypes of C3C (including C3Cs and C3Cp) and 47 of A3C were analysed ( Table 1 ). The marker segregated in a highly distorted fashion in both populations (Table 4 Table 4 ). Thus in C3C, out of the 204 genotypes, 200 inherited EMPaS02_142 and only four did not inherit the allele. In A3C all the 47 individuals had inherited allele EMPaS02_142. However, in neither population (C3C and A3C) is it yet possible to determine the phenotype either because the trees are too young or because part of the genotypes could not been germinated because the DNA analysed derives from seeds. Therefore, in these populations, it is not possible now to estimate the genetic linkage between self-compatibility and the marker. However, since the C3C progeny derive from 'Cristobalina' self-pollination and A3C derives from the fertilization by 'Cristobalina' pollen of a genotype with the same S-genotype ('Ambrunes'), all the progeny of both populations are expected to be self-compatible. This is because only pollen that is phenotypically self-compatible would have been able to effect fertilization. If Sc and EMPaS02 are linked at a distance of 3.2 cM, as estimated from B3C, the expected segregation of EMPaS02 in C3C would be 3:102:99 (Table 4 ). This expected segregation fits the observed segregation (4:110:90, v 2 ¼1.78, P >0.05). In A3C, following the same principle, the observed segregation of EMPaS02 also fits the expected segregation ratio (v 2 ¼1.75, P >0.05; Table 4 ).
Genetic mapping of Sc
The microsatellite loci EMPaS02 and UDP96-008 map to the lower part of the cherry LG3 Olmstead et al., 2008; Clarke et al., 2009) . To identify markers more closely linked to self-compatibility, additional SSR markers mapped in LG3 were selected for genetic linkage analysis after being tested for polymorphism in the parental cultivars of each population (Table 3) . Six out of 12 screened SSRs were polymorphic and informative in the parental genotypes of the B3C population (Table 3) and were analysed in all the genotypes of the progeny. A genetic map of the lower part of LG3 in sweet cherry was obtained (Fig. 1) . This map covers a distance of 21.4 cM and comprises six loci. Markers EMPaS02 and EMPA014 mapped to the same position and EPPCU7190 mapped more closely to Sc (3.2 cM, LOD¼7.01) than EMPaS02/EMPA014 (Fig. 1) . Four of the 12 SSRs were heterozygous in 'Cristobalina' (Table 3 ) and were analysed in the C3C population (Fig. 1) . The resulting C3C map covers a distance of 17.6 cM, and EMPaS02 and EMPA014 also mapped in the same position (Fig. 1) . Four SSRs were also analysed in the A3C population and a map covering a distance of 7.9 cM was generated (Fig. 1) , this map being the only one in which CPDCT027 could be located.
The order and distance of the analysed markers in B3C, C3C, and A3C were similar to those previously reported in the interspecific PA3PN cherry map (Clarke et al., 2009 ; Fig. 1 ). Regarding the order of the markers, UDP96-008, EMPaS05, and BPPC035 are in inverse order in the B3C map when compared with the PA3PN map (Fig. 1) , but UDP96-008 and EMPaS05 are in the same order in the C3C and PA3PN maps. Since the C3C and PA3PN populations include a larger number of individuals and consequently linkage can be estimated more precisely, it is more likely that the order of the markers in B3C is not the correct one. Markers EMPaS02/EMPA014, EPPCU7190, and Sc were grouped close together in B3C. Locus EPPCU7190 was mapped for the first time in sweet cherry in this work, and in both B3C and A3C it is tightly linked to EMPaS02/EMPA014, but in each map EMPaS02/EMPA014 and EPPCU7190 are located in inverse order. CPDCT027 could also be mapped in A3C in this LG3 region, as reported previously in the PA3PN map. In B3C, markers UDP96-008, EMPaS05, and BPPC035 form a cluster located at 14.8 cM from EMPaS02/EMPA014, in C3C this distance is 17.1 cM, however in PA3PN the distance between and UDP96-008 and EMPaS02 is 8.2 cM (Fig. 1) . Additionally, in PA3PN, the distance between EMPaS02 and CPDCT027 is 12.4 cM while in A3C this distance is 6.7 cM.
Discussion
'Cristobalina' is a spontaneous self-compatible sweet cherry cultivar in which self-compatibility is caused by a failure of pollen function (Wü nsch and Hormaza, 2004a). Furthermore, self-compatibility in this cultivar is inherited independently from the S-locus and no evidence that correlates the trait and the genes at the S-locus has been identified (Wü nsch and Hormaza, 2004a; Wü nsch et al., 2010) . This evidence suggested that self-compatibility in this cultivar can be caused by a pollen modifier locus not linked to the S-locus.
In this work, a segregating population derived from 'Cristobalina' was used to identify and map markers linked to self-compatibility. Given the reduced size (33 trees) of the only available segregating population where selfcompatibility could be analysed (B3C), phenotyping for the trait was accurately determined by using two complementing different methods, microscopic observations of pollen tube growth of self-pollinations in the laboratory and fruit set recording after self-pollination in the field. From the microscopic analysis observations, the phenotype of 29 trees was clearly determined, but no clear results could be obtained for four trees because a certain percentage of their flowers (10-17%) presented pollen tubes reaching the ovary in different years. The fruit set assay helped to clarify the phenotype of these trees and clearly confirmed the phenotype of the rest of the progeny. In sweet cherry, compatible crosses have been recorded to produce fruit set ranging from 4% to 60%, whereas incompatible crosses usually produced <3% (Crane and Brown, 1937) ; however, in other fruit species of the genus, genotypes showing up to a 5% fruit set after self-pollinations are considered as self-incompatible (Vilanova et al., 2006) . S-RNase genotype analysis of the seeds resulting from selfpollinations proved extremely useful in estimating the fruit set derived from self-fertilization as, in spite of the fact that pollination experiments in the field are made with extreme care to avoid cross-contamination, most of the fruits in the self-incompatible trees were derived from fertilization with contaminating pollen. This cross-contamination has a highly evident effect in the final fruit set of self-incompatible trees that have been self-pollinated because only cross-contaminating pollen is able to effect fertilization. A similar effect was observed in Prunus interspecific crossings, in which non-hybrid descendants were highly abundant in the progeny (Arbeloa et al., 2006) , and this point should be carefully taken into account in this kind of experiment.
The reported segregation of self-(in)compatibility by Wü nsch and Hormaza (2004a) for 32 B3C trees of the same population was 16:16 instead of the 10:23 ratio (selfcompatibility:self-incompatibility) reported in this work for 33 genotypes. The results presented now differ from the results reported then because five of the initial trees were lost (four self-compatible, one self-incompatible), six new trees have been included in this work (one self-compatible, five self-incompatible), and three trees have been reclassified as self-incompatible after the fruit set assay in this work. The results obtained here complement those obtained by Wü nsch and Hormaza (2004a) , but self-(in)compatibility segregation now fits a 1:1 ratio only at a much lower probability (P¼0.02) and adjusts better to a 2:1 ratio (P¼0.70). A 2:1 ratio can be obtained when one of the alleles in the parental genotypes is lethal and one homozygous class is lost. This does not seem to be the case in this population because a 1:2:1 segregation would result from two parental genotypes with the same heterozygous genotype. Also, both self-compatible and self-incompatible trees were found in the four S-locus segregating classes ('Brooks', S 1 S 9 3'Cristobalina', S 3 S 6 ), indicating as proposed before that self-compatibility may be determined by a single locus (Sc), which is heterozygous in 'Cristobalina'.
DNA bulks consisting of eight genotypes each were constructed from the phenotyping experiments. Screening of the DNA bulks with 88 SSRs was successful for the identification of one SSR marker linked to the trait in a population derived from an intraspecific cross. A similar approach has also been successfully used in other Prunus species to identify loci of interest using AFLP (amplified fragment length polymorphism) and RFLP (restriction fragment length polymorphism) markers (Wang et al., 2002; Claverie et al., 2004; Lalli et al., 2008; Boudehri et al., 2009) . In some of these, preliminary localization of linked markers was also followed by fine mapping, analysing markers from the identified LG (Wang et al., 2002; Claverie et al., 2004; Boudehri et al., 2009) . The actual availability of a large amount of mapped markers in Prunus species allows the BSA strategy to be very efficient since fine mapping can be immediately followed by analysing other mapped markers in the genus. The SSR locus EMPaS02 (Vaughan and Russell, 2004) has been mapped in LG3 of the sweet cherry genome (Olmstead et al., 2008; Clarke et al., 2009) , and analysis of other SSR markers of LG3 in B3C allowed verification that the self-compatibility locus is located in this LG.
Further evidence of the linkage of EMPaS02 to selfcompatibility came from the analysis of C3C and A3C where all the individuals are expected to be self-compatible and in which most of the progeny (247 genotypes) except four individuals inherited the allele linked to self-compatibility. Although segregation distortion is common in F 2 populations, the distorted segregation of EMPaS02 was found not only in the F 2 population C3C but also in the F 1 population A3C. This marker does not segregate in a distorted fashion in other intra-and interspecific cherry populations (Olmstead et al., 2008; Clarke et al. 2009 ), and it is therefore likely that segregation distortion of this marker in C3C and A3C is caused by the self-compatibility locus. Genetic segregation distortion is common in the surroundings of GSI loci like the S-locus because of the pollen selection that the selfincompatibility barrier imposes. This has been observed while mapping the S-locus (Ballester et al., 1998; Vilanova et al., 2003) and in other Prunus interspecific maps (Jobeur et al., 1998; Foulongne et al., 2003) . Furthermore, marker segregation distortion is often used to identify GSI loci in other self-incompatible species such as ryegrass (Lolium perenne L.; Thorogood et al., 2005) .
In the three populations studied, markers EMPA014 (Clarke and Tobutt, 2003) and EMPaS02 mapped at the same position, seeming to amplify the same locus as reported earlier by Clarke et al. (2009) . Vaughan and Russell (2004) described EMPaS02 as a variant of EMPA014 providing an additional sequence for the same locus. However, these two SSRs were located at 1.5 cM from each other in the sweet cherry linkage map (Olmstead et al., 2008) . Genetic map comparison of these populations (Fig. 1 ) also indicates that Sc must be flanked by EMPaS02/ EMPA014 and EPPCU7190 on one side and by CPDCT027 Mnejja et al., 2005) on the other side, and probably located close to UCD-CH19 (Struss et al., 2003; Clarke et al., 2009) . UCD-CH19 is located at 1.4 cM from EMPaS02/EMPA014 in PA3PN but it was not polymorphic in the parental cultivars used in this work and it was not possible to map it in the populations used here. However, since in B3C the markers are sometimes located in reverse order it is plausible that Sc could be located in the upper part of EMPaS02/EMPA014, in which case it would be flanked by these two SSRs and BPPCT035 (Dirlewanger et al., 2002) . Larger segregating populations for this trait will have to be analysed to confirm its exact location in the vicinity of these markers.
In this work, self-compatibility was found to co-segregate with markers located in the lower part of LG3. Recent evidence also indicates that this region may be relevant in Prunus self-incompatibility because the lower part of LG3 of the Prunus genome is syntenic to LG6 of Fragaria (Vilanova et al., 2008) , where a self-incompatibility locus (T-locus) operating in the species has recently been mapped (Bošković et al., 2010) . Furthermore, the S-bearing region of apple is located in MG17 (Maliepaard et al., 1998) and this region of the apple genome is also syntenic to Prunus LG3 .
The findings of this work suggest that the lower part of cherry LG3 encodes a locus that is associated with selfcompatibility in the cultivar 'Cristobalina'. This locus is likely to encode a mutation that leads to pollen loss of function and self-compatibility. Current works are focused on fine mapping of the trait, the co-localization of candidate genes, and the development of molecular markers for marker-assisted selection of self-compatibility in sweet cherry.
Supplementary data
Supplementary data are available at JXB online. Table S1 . List of SSRs analysed in BSA.
